Introduction
Optical spectroscopy is a bulk sensitive technique and probes samples up to depths of several hundred nanometers. As such, the technique is rarely carried out in an ultrahigh vacuum (UHV) environment. However, when the dimensions of the sample are reduced to the atomic scale, for example, in layered materials, the surface plays an extremely important role. In this case, the experiment has to be performed with an intact surface, which can be achieved in UHV conditions. Here we present a simple experimental setup that is based on a commercially available Raman spectrometer which is interfaced to a home-built optical chamber. We apply optical spectroscopy (Raman and photoluminescence) in UHV and show that it can provide crucial information on the physical properties of surfaces. UHV optical spectroscopy can be carried out as a stand-alone method or in combination with established surface science methods such as low-energy electron diffraction (LEED), scanning tunneling microscopy (STM), and photoemission. Raman spectroscopy in the UHV has a long standing history in the context of surface-enhanced Raman scattering (SERS) 1 and tip-enhanced Raman scattering. 2 In SERS experiments of molecules, a molecule film is evaporated onto an in situ prepared film of Ag islands. The Ag islands are responsible to the Raman enhancement and in order to avoid Ag oxidation and to keep the sample clean, the measurements need to be carried out in UHV. Similarly, TERS measurements employing the tip of a UHV scanning tunneling microscope require the light to be coupled into a vacuum chamber and directed onto the sample. We have chosen to carry out UHV Raman and photoluminescence spectroscopy on graphene nanoribbons (GNRs), 3, 4 i.e., about one nanometer wide stripes of graphene with a length of at least several tens of nanometers. Owing to their one-dimensionality and the atomic precision in synthesis, GNRs are currently a promising research direction. 5 Their optical response is dominated by singularities in the joint density of states which cause a strong Raman response if the exciting light energy is equal to the singularity in the joint density of states. In fact, the response of even submonolayer coverages is sufficiently large so that neither SERS nor TERS need to be employed to collect Raman spectra with a large S/N ratio >10 in the order of one minute. One motivation for the application of UHV optical spectroscopy comes from the GNR synthesis which is performed by surface polymerization of precursor molecules on a noble metal single crystal substrate inside UHV. Here UHV optical spectroscopy can be a convenient means to monitor the polymerization process and to assess the quality of the synthesis product without exposing the substrate to ambient conditions. GNRs can readily be chemically functionalized using ionic and covalent dopants, and their physical properties are strongly affected by the type of functionalization. Probing the modification of optical properties upon doping in a controlled manner (e.g., by stepwise evaporation of a dopant) clearly requires an in situ UHV setup. The present paper addresses these aspects and is organized as follows. Section "Experimental Setup" briefly introduces the experimental setup and Section "Graphene Nanoribbons" explains the physical properties of N ¼ 7 armchair graphene nanoribbons. Section "UltraHigh Vacuum Optical Spectroscopy" shows results on UHV-Raman and photoluminescence spectroscopies of GNRs. Finally in Section "Conclusions and Outlook", we provide an outlook into further developments of this technique and application to other samples.
Experimental Setup
The experimental setup consists of a loadlock and preparation chamber with standard equipment (LEED, sputter gun, sample heater, and Knudsen cells for evaporation of molecules) and an analysis chamber into which light can be coupled in and out via an inverted flange. The analysis chamber and the laser path are shown in Fig. 1 together with a photograph of the setup. On the air-side of the inverted flange a long-working distance microscope objective is mounted. The working distance between the vacuum side of the window of the inverted flansch and the sample can be as small as a few millimeters. Any standard Raman or photoluminescence spectrometer can be used to analyze the scattered light. After coupling out the beam from the spectrometer (Renishaw) we use two mirrors to direct the beam into the analysis chamber. The beam path of the scattered light is identical to the incoming light. Laser wavelengths of l ¼ 633, 532, 442, and 325 nm are available from three lasers. The samples can be cooled down to temperatures of about 4 K using a lHe flow cryostat. The pressure in the analysis chamber is less than 1 Â 10 À10 mbar which ensures long lifetimes of sensitive samples. Typically, a GNR sample is prepared in the preparation chamber by a surface polymerization procedure 4 and then transferred into the analysis chamber. Here, the alkali metal doping is carried out by stepwise evaporation of alkali atoms onto the sample surface. Similarly the hydrogenation is carried out by cracking H 2 in a tungsten capillary. Hydrogen sp 3 defects in graphene-based carbon materials can be readily induced by exposure to a beam of atomic hydrogen for a defined time duration which form C-H bonds in the basal plane of graphene and perpendicular to the nanotube walls. [6] [7] [8] [9] [10] The spatial resolution is determined by the size of the laser spot and the vibrations of the system and is equal to $4 mm for the setup described. As the sample manipulator is fully motorized in the plane parallel to the optical window, automated Raman mapping can be performed inside a UHV chamber. This is useful, for example, for determining the sample homogeneity.
Graphene Nanoribbons
One-dimensional graphene nanoribbons combine the best attributes of the nanotube and graphene worlds. They posses all the 1D properties plus they exist as highly uniform monochiral samples thanks to UHV bottom-up nanofabrication techniques.
3,4,11-13
Fig. 2 depicts a sketch of the synthesis steps which involve molecule deposition on a Au surface, a first annealing to form polymer chains and second annealing to perform dehydrogenation. The ability to tune the band gap 11, 14 in semiconducting GNRs by varying the ribbon width via the choice of the precursor molecule and the ease of producing high-quality ohmic contacts makes them perfectly suited for production of nanoscale devices. 15, 16 The resonance Raman and photoluminescence measurements shown later in this manuscript can be rationalized qualitatively by tight-binding calculations of the electronic structure. In Fig. 3A we depict the unit cell of a 7-AGNR with 14 carbon atoms that we considered for the simple nearest-neighbor tight-binding calculation with one free parameter (the transfer integral). 17 Here we do not show the hydrogen atoms along the ribbon edge. The results for the electron energy dispersion relations and the density of electronic states are shown in Fig. 3B and C. Due to the 1D nature of GNRs their electronic density of states (DOS) is dominated by a series of van Hove singularities (VHSs). In accord with carbon nanotube literature 17 we label the energies of the first and the second optical transitions between equal subbands as E 11 and E 22 . Furthermore we label the first and the second valence band as V 1 and V 2 and the first and the second conduction band C 1 and C 2 . Using a matching laser energy one can excite resonantly optical transitions between two VHSs. The E 22 optical transition energy for 7-AGNRs/Au(788) and Au(111) was experimentally found to be equal to 2.3 eV. 18 We will take advantage of the large optical response at the van Hove singularity in the following to perform resonance Raman spectroscopy with a 2.33 eV laser excitation exciting 7-AGNRs at the E 22 transition.
Ultrahigh Vacuum Optical Spectroscopy

Ultrahigh-Vacuum Raman Spectroscopy
We first discuss the Raman spectrum of pristine 7-AGNRs in terms of the one-dimensional phonon dispersion relations. For assignment of the experimentally observed Raman peaks of 7-AGNRs to phonon eigenvectors we perform calculations within force constant model. 17 Fig . 4A depicts the calculated phonon dispersion relation for a set of force constants and bond polarizability values that have been used for graphene. 17 The obtained results are consistent with previously published data. 19 Open circles in Fig. 4A indicate the six Raman active phonons as theoretically predicted by bond-polarizability theory. Clearly, the bond polarizability theory is not taking into account the resonant nature of the process and as such fails to predict quantitative Raman intensities and second-order Raman processes. However, its predictions regarding the first-order Raman modes work very well for graphene nanoribbons. 20 Fig . 4B depicts the Raman spectra together with theoretically predicted Raman active phonons. The good agreement of experimental data with theoretical calculations allows for an assignment of the phonon eigenvectors. The fingerprint of 7-AGNRs is the so-called radial breathing like mode (RBLM) at 397 cm À1 , and this mode is related to the ribbon width expansion. 19, 21, 22 Another breathing-like mode is found at 957 cm À1 and was also predicted for 19-AGNRs. Furthermore we observe features in the Raman spectra at 1221 and 1261 cm À1 which can be assigned to the theoretically predicted Raman phonons in a straightforward manner. The peak observed at 1341 cm À1 resembles many features of the D-band 23, 24 in sp 2 carbon materials, i.e., its frequency is close to the D-band frequency of graphene and its intensity depends on the defect concentration. It has been put forward that in the case of AGNRs due to the zone folding the D-band can exist both as a firstand second-order process. 25 Finally we assign the longitudinal optical (LO) phonon to the G band at 1601 cm
À1
. In the present case, the transverse optical (TO) phonon is not visible in the resonance Raman spectrum. 26 However, it is possible to observe it under different conditions with respect to laser energy and ribbon geometry. Interestingly, despite the resonant nature of the experiment the theoretical model is capable of reproducing all experimentally observed Raman modes similar to the bondpolarizability calculations for carbon nanotubes. 17 The differences in frequencies may occur due to the set of force constants that have been fitted to graphite. 17 Graphene nanoribbons might have different values of the force constants due to their narrow width, varying bond-lengths and substrate effects. The good alignment of the nanoribbons allows to probe their optical anisotropy in polarized Raman measurements. The scattering geometry is shown in Fig. 4C . Here we use the Porto notation, e.g., z(y, y)z indicates that the incident and scattered light propagate in z direction and the incident and scattered light are polarized along the y direction, i.e., along the direction parallel to the terraces (Au[011] ). Similarly z(x, x)z indicates a polarization of incident and scattered light perpendicular to the terraces. It is clear that the GNRs are aligned almost perfectly parallel to the terraces. It can be seen that the Raman intensity ratio for z(y, y)z and z(x, x)z is equal to $ 10. This anisotropy is governed by the dipole selection rules 27 which state that for armchair nanoribbons the E ii optical transition is allowed only for the light polarized along the ribbon axis. Another factor that affects the intensity is the depolarization effect which strongly suppresses the absorption of the perpendicularly polarized light. 28 In order to probe the spatial dependence of the optical anisotropy over large areas of $ 100 s of mm, we have carried out polarized Raman mapping: two polarized Raman spectra with light polarization along and perpendicular the step edges of the single crystal are recorded every 500 nm. We integrate the G band Raman intensities for the two polarizations and call them I || and I ? , respectively. For each point we plot the Raman anisotropy s which we define as s ¼ (I || À I ? )/(I || + I ? ). Fig. 4D shows a histogram plot of the values of s obtained over the whole macroscopic sample area shown in the right side of this figure. It can be seen that a vast majority of 80% of the GNRs have an optical anisotropy of the axis along the step edges in the range of 0.73-0.83. Thus, the optical anisotropy, i.e., the nanoribbon alignment prevails over macroscopic areas. This highlights that aligned GNRs can be used in applications such as polarizers or optical absorbers. Fig. 5 displays a sketch of how different misorientations of the nanoribbon with respect to the terraces would affect s.
To investigate the effect of electron doping by alkali metals on the vibrational spectrum of 7-AGNRs, we performed in situ UHV Raman measurements of Li-doped GNRs. 29 In order to confirm the Fermi level shift we have also performed angle-resolved photoemission measurements 29 (not shown here) which confirm that we have induced a semiconductor-to-metal transition. Let us now discuss how electron doping by alkali metals affect the intensities and positions of the Raman modes of graphene nanoribbons. The large intensity we observe in the case of undoped nanoribbons is a consequence of the resonant nature of the Raman process and the fact that the laser energy is equal to the E 22 transition. 30 The electron doping by alkali atoms populates the conduction band and can therefore block optical transitions (Pauli blocking). The other effect of doping is that the dielectric environment and hence the exciton binding energy is changed. This changes the resonance condition and can therefore also affect the intensity. Regarding the position of the Raman mode, there are two effects which stem from the electron doping. One is that upon population of antibonding conduction band states, the lattice expands, and the force constants between atoms on different sites become smaller. This leads to a reduction of the Raman mode frequency. 31 The second effect of doping on the Raman mode positions is more subtle and is due to nonadiabatic effects. 32 These are corrections to the phonon frequency by the phonon selfenergy. 33 For graphene nanoribbons, calculations of the phonon self-energy show that these corrections cause an upshift of the phonon frequency (see supporting info of Ref. 27) . Thus, the effects of lattice expansion and nonadiabatic effects tend to cancel each other. The UHV Raman spectra of 7-AGNRs on Au(788) before and after deposition of Li are shown in Fig. 6A . Li was evaporated onto the sample from commercial getter sources. After Li doping, a reduction in the Raman intensity by a factor of $ 20 is observed which we attribute to Pauli blocking of the optical transition or the change of the resonance condition. We find that Li doping induces only very small changes in the Raman frequencies. We observe an energy upshift for the G peak by 2 cm À1 , while the D peak and the peak at 1260 cm À1 are down shifted by up to 8 cm À1 .
In order to illustrate the importance of the laser wavelength, UHV Raman spectra of pristine GNRs are shown in Fig. 6B . It can be seen that the fingerprint mode of GNRs, the RBLM mode, cannot be clearly seen under this irradiation wavelength. Contrary, if the laser wavelength is in resonance, it is possible to even see overtones of G and D or the combination thereof (see Fig. 6C ). 
Ultrahigh-Vacuum Photoluminescence
In order to carry out photoluminescence, the GNR monolayer must be removed from the metal substrate as it would promote radiationless electron-hole recombination. To that end we applied the bubbling transfer method 30 which was developed for CVD grown graphene. 34, 35 The advantage of this technique is, that it retains the GNR parallel alignment over hundreds of microns.
Furthermore, it does not affect the single crystalline surface of the substrate so that it can be used for repeated transfers. 36 The hydrogenation 6-10 of transferred GNRs on SiO 2 /Si and the photoluminescence experiments were performed inside the UHV optical system without exposing the sample to air after hydrogenation. In such a well-defined experiment, the photoluminescence can be definitely ascribed to sp 3 defects formed by C-H bonds. Fig. 7A depicts the photoluminescence spectra of the sample inside UHV before hydrogenation measured with a 532 nm laser with light polarized parallel and perpendicular to the GNRs. The spectra exhibit strong Raman modes and their higher orders. It is seen that intrinsically photoluminescence from 7-AGNRs is very weak. Exposure to a beam of atomic hydrogen 9, 10 induces defects where a carbon atom forms three C-C bonds and one C-H bond, as illustrated in Fig. 7B . It can be seen from Fig. 7C that the hydrogenation (10 min exposure) leads to a strongly polarized photoluminescence peak with a maximum at around 1.8 eV. At the same time, the Raman signal from ribbons becomes weaker. We believe that this is due to the fact that the number of resonant sp 2 bonds is reduced. We also observe disorder-induced broadening of the Raman lines. This is presumably due to the random nature of chemisorbed H atoms. Longer exposure (40 min) to atomic hydrogen corresponds to the maximum amount of hydrogen that can be chemisorbed to 7-AGNRs. It is important that the photoluminescence is polarized and therefore comes from the GNR. Since the energy of the photoluminesence is below the lowest optical transition and the PL/Raman signal ratio increases with hydrogen exposure. It is not a band gap luminescence but rather comes from defect levels that are energetically below the lowest excitonic state. 30 
Conclusions and Outlook
In summary we have applied Raman and photoluminescence spectroscopies in UHV to study the electronic and vibrational properties of air-sensitive, chemically functionalized GNRs. The signals are sufficiently strong so that monolayers of GNRs can be measured easily. We have shown that, upon alkali metal doping the Raman intensities decrease by a magnitude due to the loss of the resonance condition. The frequency of the Raman active phonon modes exhibits only small shifts which is explained by the opposite effects of lattice expansion and nonadiabatic effects on the Raman mode frequency. For the case of covalently functionalized GNRs by hydrogen defects, we found an increase in the photoluminescence after hydrogen exposure. Since the photoluminescence is polarized and has an energy below the optical band gap, it comes from defect levels which are located below the band gap. For future applications of UHV Raman and PL spectroscopy it would be interesting to apply it to alkali metal-doped ribbons of different width such as the N ¼ 9 graphene nanoribbons, 37 alkali-doped graphene, or transition metal dichalcogenides such as MoS 2 . For the future development of the method, it would be interesting to perform also in situ electrical transport measurements along with Raman and photoluminescence. This would allow to probe the optical properties of doped materials in the superconducting or charge-density wave state. 
